Understanding the causes and timing of death in extremely premature infants may guide research efforts and inform the counseling of families.
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T h e ne w e ngl a nd jou r na l o f m e dicine A lthough survival among premature infants has improved, prematurity is a leading contributor to neonatal mortality in the United States. 1 Approximately one in four extremely premature infants born at 22 to 28 weeks of gestation does not survive the birth hospitalization; mortality rates decrease with each additional week of completed gestation. 2 Historically, most extremely premature infants died within a few days after birth. [3] [4] [5] Among extremely-low-birth-weight infants born at centers in the National Institute of Child Health and Human Development (NICHD) Neonatal Research Network between 1993 and 1997, immaturity was the leading cause of death within 12 hours after birth, and pulmonary conditions predominated as the cause of death for those surviving for more than 12 hours. 6 Changes in neonatal care since this period, including changes in prenatal use of glucocorticoids and antibiotic agents, use of surfactants, and ventilation strategies, 7, 8 may have led to a relative decrease in deaths attributable to pulmonary causes with a concomitant increase in nonpulmonary causes of death. However, data from a large contemporary cohort of premature infants have not been available to address this question.
We performed the present study to evaluate the causes and timing of death among extremely premature infants in the United States and to assess temporal changes in overall mortality and the causes and timing of death during three periods from 2000 through 2011. We hypothesized that the frequency of pulmonary causes of death, including the respiratory distress syndrome and bronchopulmonary dysplasia, had decreased among extremely premature infants from 2000 through 2011, while the frequency of nonpulmonary causes of death had increased.
Me thods

Study Population and Definitions
Liveborn infants enrolled in the Generic Database registry of the NICHD Neonatal Research Network were eligible for inclusion in the study if they met the following three criteria: they were born between January 1, 2000, and December 31, 2011, their gestational age at birth was 22 0/7 to 28 6/7 weeks, and they were born in a Neonatal Research Network center. The inclusion criteria were chosen to ensure a consistent selection of infants throughout the study period, because the registry selection criteria were revised in 2008 to exclude infants not born in Neonatal Research Network centers and those with a gestational age at birth of 29 weeks or older. The registry was reviewed and approved by the institutional review board at each participating center. In 3 centers, written or oral informed consent was obtained from the parent or guardian, and in the other 22 centers, a waiver of the requirement for consent was approved by the institutional review board.
Data were collected prospectively by trained research coordinators for all liveborn infants, including those never admitted to an intensive care unit. Gestational age was determined with the use of the best obstetrical estimate based on the date of the last menstrual period, obstetrical variables, prenatal ultrasonography, or all three. If the best obstetrical estimate was unavailable or uncertain, gestational age was determined on the basis of the neonatologist's estimate with the use of physical examination criteria, including the Ballard 9 or Dubowitz 10 examination. Enrolled infants were actively followed from birth to a postnatal age of 120 days, death, hospital discharge, or transfer to another center (whichever occurred first); infants who remained hospitalized for more than 120 days were evaluated for death until 1 year of age. The primary cause of death was prospectively identified and defined as the single underlying, proximate disease that initiated the series of events leading to the final cause of death. The definitions of the specific causes of death are listed in Table S1 in the Supplementary Appendix (available with the full text of this article at NEJM.org) and were included in the manual of operations for the registry. The primary cause of death had to be causally specific to the underlying disease and antecedent to all other causes with respect to time and pathologic relationship. Primary causes of death with infection or central nervous system (CNS) injury as complicating factors were identified from prespecified subcauses. If autopsy findings were available, the cause of death was based on both clinical and autopsy findings. In situations in which the cause of death was not certain, the single cause of death was selected after consultation with the principal investigator (or appointee) from each center. However, interobserver reliability was not assessed. Causes of death that could not be classified as one of the prespecified causes were classified as "other." Causes that were investigated but could not be established were classified as "unknown."
Statistical Analysis
We compared the overall and cause-specific mortality rate (number of deaths per 1000 live births) and the proportionate mortality (relative percentage contribution) for the coded causes of death among infants born in three birth-year periods: 2000-2003, 2004-2007, and 2008-2011 . We selected comparisons among three birth-year periods instead of individual birth years to provide a sufficiently large sample to control for confounding in our analysis and to provide mortality estimates with greater precision. We compared maternal and neonatal characteristics among the three periods using the Mantel-Haenszel chi-square test for categorical variables and the Kruskal-Wallis test for continuous variables. We performed post hoc subgroup analyses to evaluate potential differences in overall and immaturity-related mortality due to the addition and attrition of centers over time, and we performed sensitivity analyses to evaluate the effects of potential misclassification of deaths due to immaturity, the respiratory distress syndrome, or bronchopulmonary dysplasia (see the Methods section in the Supplementary Appendix). Additional analyses examined causes of death that were complicated by either CNS injury or infection for which another primary cause was listed.
We used the Wald chi-square test in a logistic regression to test the null hypothesis that there was no difference in mortality among the three birth-year periods, after adjusting for potential confounding according to center and important known baseline predictors of death. These variables included gestational age, birth weight, sex, race or ethnic background, multiple gestation (yes vs. no), and small body mass for gestational age (yes vs. no). 11, 12 If the overall difference was significant, we performed pairwise birth-periodspecific comparisons between 2008-2011 and the two earlier periods. Variables related to clinical therapy, such as prenatal glucocorticoid use or respiratory care, that may have accounted for the changes in mortality over time and were thought to be part of the causal pathway between improvements in care over time and decreases in mortality were not included as covariates in the regression model. To provide protection against model overfitting, the number of parameters in the model for comparison of cause-specific mortality due to CNS injury was reduced because of the small number of events. To avoid an increased type 1 error rate from multiple testing, we provide only descriptive estimates for proportionate mortality; we did not adjust for multiple comparisons of cause-specific mortality. We compared the time to death among the three periods with the Kaplan-Meier method and used the Wilcoxon test, because this test applies more weight to early deaths than does the log-rank test. We considered a two-sided P value of less than 0.05 to indicate statistical significance.
R esult s
Characteristics of the Study Population
From January 1, 2000, to December 31, 2011, a total of 22,248 extremely premature infants (22 0/7 to 28 6/7 weeks of gestation) were born alive at one of the 25 study centers and met criteria for inclusion in the study. Among these infants, 6075 (27.3%) died during the birth hospitalization; 6045 (99.5%) of the infants who died had a coded cause of death listed in the registry.
Gestational age, birth weight, and sex were similar across the three birth-year periods for both live births and deaths (Table 1) . Extremely premature infants who died were 2 weeks younger in gestational age than surviving infants (mean gestational age at birth, 24.3 vs. 26.3 weeks; P<0.001). In addition, the frequency of receipt of prenatal glucocorticoids was lower among mothers whose infants died than among those whose infants survived (62.0% vs. 87.6%, P<0.01).
From 2000 through 2011, we detected increases in the percentages of women who received any prenatal care, who received prenatal glucocorticoids, and who delivered by cesarean section, as well as decreases in the percentage of women who received prenatal antibiotic treatment (P<0.001 for each comparison among live births across all three periods) ( admission (from 49.2% to 24.4%, P<0.001), a factor that has previously been associated with increased neonatal mortality, 13 and an increase in the rate of use of high-frequency ventilation (from 28.3% to 38.5%, P<0.001); the rate doubled from 2000-2003 to 2008-2011 for infants born at 22 to 23 weeks of gestation, from 29.3% to 62.4% ( Table S2 in the Supplementary Appendix). There was no significant change in the frequency of the use of surfactant therapy from 2000-2003 to 2008-2011 (74.7% to 75.0%, P = 0.63).
Trends in Overall Mortality
The overall in-hospital mortality rate did not change significantly from 2000-2003 to 2004-2007, but it decreased by 9.6%, from 285 to 258 deaths per 1000 live births, from 2004-2007 to 2008-2011 (adjusted P = 0.003 for the comparison across the three periods) ( Table 2 ). There was a high risk of early death across all three periods, with differences in Kaplan-Meier estimates of survival across the three periods becoming more apparent during the first several postnatal weeks ( Fig. S1 and S2 in the Supplementary Appendix).
In contrast, the age at death was unchanged over the three periods, occurring at a median of 3 days. Neonatal deaths in the 2000-2011 period were evenly distributed between early deaths (within the first 12 hours of life) and those occurring between 12 hours and 28 days of age (Table 2 ). In post hoc subgroup analyses, we did not detect significant heterogeneity in the change in overall mortality among the three periods between centers with continuous participation in the Neonatal Research Network and centers with noncontinuous participation ( Table S3 in the Supplementary Appendix). Overall, continuous participating centers provided comfort care more frequently in the delivery room (P<0.001) and had higher overall mortality (P<0.001) than did noncontinuous participating centers.
Trends in Cause-Specific Mortality
Between 2000 and 2011, deaths were most frequently attributed to immaturity (83 deaths per 1000 live births), the respiratory distress syndrome (64 deaths per 1000 live births), and infection (54 deaths per 1000 live births, attributed to or complicated by infection) ( Table 2) . Overall, the number of deaths per 1000 live births attributed to the respiratory distress syndrome and broncho-pulmonary dysplasia was materially unchanged from 2000-2003 to 2004-2007 (83 and 84 deaths per 1000 live births, respectively) but showed a subsequent decrease in 2008-2011, to 68 deaths per 1000 live births (adjusted P = 0.002 for the comparison across the three periods). The decrease in deaths attributed to pulmonary causes accounted for 53% of the overall reduction in mortality from 2000-2003 to 2008-2011. In contrast, increases in deaths attributed to necrotizing enterocolitis offset the overall reduction in mortality by 26%. In addition, changes over time in the frequencies of deaths attributed to immaturity were not significant in a sensitivity analysis limited to infants born before 24 weeks of gestation ( Table S4 in the Supplementary Appendix). Only 3% of deaths coded as "other" had a specification of the cause of death. We reviewed the records of these patients and found that the frequency of coexisting conditions in infants with deaths coded as "other" was similar to that among infants with a specific coded cause of death ( Table  S5 in the Supplementary Appendix).
Cause of Death According to Postnatal Age
From 2000 through 2011, deaths among infants who died within 12 hours after birth were most commonly attributed to immaturity ( Fig. 1 , and Table S6 in the Supplementary Appendix). For infants surviving longer than 12 hours, deaths were most commonly attributed to the respiratory distress syndrome; this condition was considered to underlie 49.5% of deaths in the first 14 days and 42.8% of deaths in the first month of life. From 15 to 60 postnatal days, necrotizing enterocolitis was the most common cause of death; after 60 days, bronchopulmonary dysplasia became the predominant cause of death. We identified some potential misclassification between deaths due to the respiratory distress syndrome and deaths due to bronchopulmonary dysplasia (e.g., deaths attributed to bronchopulmonary dysplasia within the first 28 postnatal days or to the respiratory distress syndrome after 28 postnatal days); however, the overall results of a sensitivity analysis to account for this misclassification were consistent with those of the primary analysis ( Table S4 in the Supplementary Appendix). In addition, the percentage of deaths attributed to infection increased substantially from the first postnatal week (3.5% of all deaths) to the second postnatal week (15.3% of all deaths).
Immaturity was most commonly identified as the cause of death for infants born at 22 or 23 weeks of gestation; most of these infants died within 12 hours after birth and were not intubated in the delivery room ( Table S8 in the Supplementary Appendix. ‡ P<0.05 for pairwise adjusted comparisons with the 2008-2011 period. § Thirty deaths coded as having an unknown cause are not included. ¶ Centers added in 2011 were combined for center-adjusted comparisons of CNS injury because of the small number of events. ‖ This category includes the following subcauses: respiratory distress syndrome with infection, bronchopulmonary dysplasia with infection, necrotizing enterocolitis with sepsis, and severe intraventricular hemorrhage with sepsis. ** This category includes the following subcauses: suspected sepsis and proven sepsis.
† † This category includes the following subcauses: respiratory distress syndrome with severe intraventricular hemorrhage and bronchopulmonary dysplasia with CNS injury. ‡ ‡ This category includes the following subcauses: severe intraventricular hemorrhage and severe intraventricular hemorrhage with sepsis. among infants born at 24 to 27 weeks of gestation were primarily attributed to the respiratory distress syndrome; the majority of deaths among these infants occurred from 12 hours to 28 days of age, but more than 20% of deaths occurred after 28 days of age (Table 4 ). As gestational age increased, the percentage of deaths attributed to necrotizing enterocolitis and congenital anomalies also increased. The largest absolute declines in mortality from 2000-2003 to 2008-2011 were observed for infants born at 23 or 24 weeks of gestation (Table 4 ).
Discussion
This study shows a reduction in death rates among extremely premature infants born at NICHD Neonatal Research Network centers between 2000 and 2011. The decline in overall mortality was greatest between 2004-2007 and 2008-2011, a period during which the relative decrease in the overall mortality rate was 9.6%. More than half the decrease in overall mortality was accounted for by a reduction in deaths attributed to the respiratory distress syndrome and bronchopulmonary dysplasia. In contrast, deaths attributed to necrotizing enterocolitis increased significantly from 2000-2003 to 2008-2011. The trends we observed in deaths attributed to pulmonary causes or necrotizing enterocolitis are consistent with trends from 1988 through 2008 in infants born before 31 weeks of gestation, as reported in the U.K. Perinatal Mortality Survey. 14 However, we found a decrease in deaths attributed to or complicated by infection, whereas increases in infection-related deaths were reported in the U.K. Perinatal Mortality Survey. The increase in mortality attributed to necrotizing enterocolitis may be related to improvements in the early survival of infants who would have otherwise died before they reached the typical postnatal age at which necrotizing enterocolitis occurs. Data from the U.K. Perinatal Mortality Survey and a Swedish cohort 15 are consistent with these observations.
Improved overall survival of premature infants has recently been reported by researchers from the Vermont Oxford Network, 16 the Canadian Neonatal Network, 17 and Japan, 18 although these studies did not evaluate changes in causespecific mortality associated with reductions in overall mortality. The observed decline in overall 
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T h e ne w e ngl a nd jou r na l o f m e dicine mortality in our study is unlikely to be a result of more aggressive resuscitation in the delivery room for infants at the margins of viability, because the frequency of aggressive resuscitation in the delivery room, including endotracheal intubation for infants born before 24 weeks of gestation, was similar across the three periods. However, increases in the use of high-frequency ventilation may reflect more aggressive respiratory care over time for the most immature infants in the neonatal intensive care unit.
The limitations of our study should be acknowledged. Determining a single cause of death when multiple causes may play a role can be difficult and subjective. We used prospective evaluation with standardized definitions and inclusion of autopsy findings, when available, in an effort to minimize bias in determining the primary cause of death, but the validity of such determinations is uncertain. Misclassification may have occurred, particularly in attributing causes of death to immaturity versus the respiratory distress syndrome or bronchopulmonary dysplasia. To address this, we evaluated the sensitivity of our findings to potential misclassification of these causes and also characterized "pulmonary" deaths attributed to either the respiratory distress syndrome or bronchopulmonary dysplasia. We also combined deaths that were coded as either directly attributed to or complicated by infection or CNS injury, because the distinction between causation and co-occurrence is often unclear. We could not identify a cause of death for the 13.7% of infants whose cause of death was classified as "other," despite attempts to further characterize this group of infants. Also, we could not determine the frequency of withdrawal or limitation of intensive care and its effect on changes in mortality. In addition, we did not adjust for multiple comparisons of cause-specific mortality, which increased the likelihood that some significant differences in cause-specific mortality over time may have been the result of chance. Finally, Neonatal Research Network centers may not be representative of other tertiary, large neonatal intensive care units, and this may limit the generalizability of our findings.
In conclusion, from 2000 through 2011, rates of death overall -and specifically, deaths attributed to immaturity or pulmonary causes (bronchopulmonary dysplasia and the respiratory distress syndrome) and those attributed to or complicated by infection or CNS injury -decreased among extremely premature infants, while deaths attributed to necrotizing enterocolitis increased. Our findings underscore the continued need to develop and implement strategies for reducing the potentially lethal complications of premature birth.
